Abstract-The hardness-based regulatory approach for Cu prescribes an extrapolation of the toxicity-versus-hardness relationship to low hardness (Յ50 mg/L as CaCO 3 ). Hence, the objective of the present research was to evaluate the influences of water quality on acute Cu toxicity to larval fathead minnow (Pimephales promelas) in low-hardness surface waters. Seasonal water sampling was conducted at 24 sites throughout South Carolina, USA, to determine the site-specific influences of soft surface-water conditions on acute Cu toxicity. Concurrent toxicity tests in laboratory water, matched for hardness and alkalinity (modified method), also were conducted to allow calculation of water-effect ratios (WERs). In addition, tests were conducted at recommended hardness levels (recommended method) for comparison of WER methodology in soft water. Surface-water conditions (average Ϯ standard deviation, n ϭ 53) were hardness of 16 Ϯ 8 mg/L as CaCO 3 , alkalinity of 18 Ϯ 11 mg/L as CaCO 3 , and dissolved organic carbon of 6 Ϯ 4 mg/L. Dissolved Cu 48-h median lethal concentration (LC50) values varied nearly 45-fold across the dataset and greater than four-fold at individual sites. Spatial (p Ͻ 0.0001) and seasonal (p ϭ 0.026) differences among LC50 values were determined for eight sites that had multiple toxicity results for one year. All modified WERs were greater than 1.0, suggesting that the site waters were more protective of Cu toxicity than the matched laboratory water. Some WERs generated using recommended methods were less than 1.0, suggesting limited site-specific protection. Based on these observations, extrapolation of the hardness-based equation for Cu at 50 mg/L or less as CaCO 3 would adequately protect fathead minnow populations in soft surface waters. The WER results presented here demonstrate the inconsistency between hardness-based criteria and the methodology for deriving sitespecific water-quality criteria in low-hardness waters.
INTRODUCTION
Soft surface waters (hardness, Յ50 mg/L as CaCO 3 ) are common to at least 30 of the lower 48 states of the United States as well as in other parts of the world [1] . Although the interactions between metals and aquatic biota have been extensively studied in an effort to develop better water-quality criteria [2] [3] [4] [5] [6] [7] [8] , limited research has been conducted to characterize Cu toxicity in extremely soft water conditions. Currently, an equation that is dependent only on total hardness of the receiving water is used to calculate allowable Cu concentrations for fresh surface waters. Since the inception of the hardness-based criteria for Cu, the low-hardness cap on this equation was lowered from 50 to 25 mg/L as CaCO 3 in 1996 [9] and then again to include no cap (0 mg/L as CaCO 3 ) in 2002 [10] . However, supplemental toxicity testing in soft water was not conducted to validate the proposed amendment. Although Meyer [5] described a mechanistic justification for this recommendation, the actual threshold of physiological protection by Ca 2ϩ and Mg 2ϩ was not characterized.
Water-effect ratios (WERs) facilitate calculation of sitespecific protection above that of the ambient water-quality criterion (AWQC) prediction [11] . Calculation of a WER requires concurrent calculation of median lethal concentration (LC50) values for laboratory water (matched to hardness) and for water from the site in question [11] : LC50 Site Water WER ϭ (1) LC50 Lab Water * To whom correspondence may be addressed (evangenderen@parametrix.com).
In this comparison, the laboratory water is assumed to mimic the conditions of the calibration dataset for the current waterquality model, thereby producing a factor of protection greater than that of the AWQC prediction:
Site-specific water-quality criterion ϭ AWQC ϫ WER (2) Standard methodology for WER determination prescribes that surface waters with measured hardness of 50 mg/L or less as CaCO 3 must be matched and compared at 50 mg/L as CaCO 3 [11] . Aside from the collection of literature citing ameliorative affects from other water-quality parameters, such as alkalinity, pH, dissolved organic carbon (DOC), and dissolved solids, the competitive nature of Ca 2ϩ and Mg 2ϩ has been shown to exist at a hardness of less than 50 mg/L as CaCO 3 [12, 13] . For soft surface waters, the existing method likely would produce sitespecific water-quality criteria that exceed the regulated levels (i.e., WER Ͻ 1).
In addition, effort has been made toward developing computational models that incorporate thermodynamic chemical equilibrium with metal-gill binding (i.e., development of biotic ligand models [BLMs] [2, 13] ). These proposed alternatives to traditional derivation of water-quality criteria consider the fish gill as a dissolved ligand. By incorporating the estimated Cu-gill stability constants (i.e., K Cu-Gill and K CuOH-Gill ) into a geochemical thermodynamic equilibrium program, the amount of Cu associated with active gill sites can be used to predict toxicity. The implementation of these types of models will facilitate the development of more efficient and economical approaches for determination of site-specific water-quality criteria. Although current BLMs have considered the influence of soft water conditions, to our knowledge validation of soft surface waters has not been accomplished. The objective of the present research was to determine the influence of soft surface-water conditions on acute Cu toxicity to larval fathead minnow (Pimephales promelas). Implications of site-specific water-quality regulation for soft surface waters are discussed.
MATERIALS AND METHODS

Water sampling
Quarterly water sampling of 24 sites within four watersheds was conducted in conjunction with the South Carolina Department of Health and Environmental Control (Columbia, SC, USA). Sites were selected from known U.S. Geologic Survey and the South Carolina Department of Health and Environmental Control water-quality sampling locations; each site was sampled five times between September 2000 and December 2001 (Fig. 1 ). All water samples were collected from bridges. Water was collected in a clean plastic bucket and transferred into a 20-L Cubitainer (VWR International, West Chester, PA, USA) via a clean polypropylene funnel. The container and the funnel were rinsed once with site water before sample collection. Water samples were immediately placed on ice until storage at 4ЊC. Sampling of all 24 sites was conducted during a 2-d period for each sampling period. Samples remained in storage (4ЊC, dark) until use in toxicity tests (less than two months).
Toxicity tests
The influence of soft surface-water conditions on acute Cu toxicity to larval (age, Ͻ24 h) fathead minnows was tested in 48-h static toxicity tests. Concurrent toxicity tests in synthetic laboratory water, which was matched to stream water with respect to hardness and alkalinity, were also conducted to determine the site-specific influences on toxicity at each site. When more than one site water had similar measured values for hardness and alkalinity (Ϯ5 mg/L as CaCO 3 ), only one concurrent laboratory toxicity test was conducted. Aside from matching site-water hardness at less than the recommended level (Յ50 mg/L as CaCO 3 ) and extended storage times, all toxicity tests, water sampling, and data analysis followed U.S. Environmental Protection Agency WER guidance [11] .
In addition to laboratory toxicity tests matched to site conditions, tests were also conducted at recommended hardness levels for comparison of WER methodology in soft water. The WER guidance prescribes that the hardness of the matched laboratory water must not be greater than the hardness of the site water unless the hardness of the site water is less than 50 mg/L as CaCO 3 [11] . To facilitate accurate comparison of sitespecific Cu toxicity, 10 tests were conducted in synthetic laboratory water at hardness, alkalinity, and pH of 50 mg/L as CaCO 3 , 35 mg/L as CaCO 3 , and 7.6, respectively. These toxicity tests were conducted over a period of four months to account for biological variability.
For site-water toxicity tests, 14 L of water were partitioned into each of seven 3-L polyethylene dilution chambers. All treatments received appropriate volumes of CuSO 4 stock (Fisher Scientific, Pittsburgh, PA, USA) and were allowed to equilibrate for 1 to 3 h before test initiation. For laboratory toxicity tests, 20 L of synthetic laboratory water were matched to site conditions (hardness, alkalinity, and approximate pH) using reagent-grade salts (CaSO 4 ·5H 2 O, MgSO 4 , KCl, and NaHCO 3 ; Fisher Scientific) and 10% concentrated nitric acid (TraceMetal Grade; Fisher Scientific). Similar to site-water tests, all treatments were spiked with appropriate volumes of CuSO 4 stock and allowed to equilibrate for 1 to 3 h before test initiation. Measured hardness (Ca 2ϩ to Mg 2ϩ ratio of 1:1 by wt) and alkalinity of matched laboratory waters were within 5 mg/L as CaCO 3 of site-water levels. Measured pH of matched laboratory waters were within 0.2 sU of site-water levels at test initiation.
Tests were conducted in 600-ml polyethylene beakers containing 250 ml of test solution. Triplicate beakers were prepared for each of six toxicant concentrations and a negative control. Transferring 10 larvae into each beaker started the exposure. Fathead minnows for toxicity tests were offspring from an in-house laboratory stock maintained at Clemson University, Center for Environmental Toxicology (Pendleton, SC, USA). Larval fish used for testing were hatched in laboratory water that was similar to toxicity test conditions. A 16:8-h light:dark photoperiod was maintained using cool white fluorescent tubes that provided 50 to 100 foot-candles at the beaker surface. Temperature was maintained at 25 Ϯ 1ЊC, and the dissolved oxygen concentration was greater than 80% of saturation. Fish mortality was determined at 24 and 48 h in all tests; dead fish were immediately removed. All toxicity testing followed standard U.S. Environmental Protection Agency method [14] .
Chemical analyses
Water-quality parameters measured in the toxicity tests included dissolved oxygen, temperature, pH, hardness, alkalinity, DOC, total and dissolved Cu, and major ions (Ca ). All parameters were measured at test ini-2Ϫ SO 4 tiation. Samples for dissolved oxygen, pH, and total and dissolved Cu were also taken at 48 h or at complete fish mortality, whichever occurred first. Temperature was recorded daily.
Measurements of total acid-extractable Cu (referred to as total Cu) and soluble Cu (sample filtered through a 0.45-m nylon mesh filter [Pall-Gelman Laboratories, Ann Arbor, MI, USA] following a 5-ml rinse with water sample; referred to as dissolved Cu) were made in control water and in each treatment at the beginning and end of each static-renewal toxicity test. Samples were collected into polypropylene conical tubes and acidified to pH Ͻ2 with concentrated nitric acid before analysis by graphite or flame atomic absorption spectroscopy (AA800; Perkin-Elmer, Shelton, CT, USA). Samples for DOC analyses were filtered through a 0.45-m nylon mesh following a 5-ml rinse with water sample, acidified with concentrated nitric acid, and stored in amber glass bottles. Dissolved organic carbon concentrations were determined using a Shimadzu total organic carbon analyzer (TOC-5000, Shimadzu, Columbia, MD, USA) calibrated with potassium hydrogen phthalate standards (Fisher Scientific).
Major ions (Ca 2ϩ , Mg 2ϩ , Na ϩ , and K ϩ ) were analyzed by inductively coupled-plasma emission spectroscopy (Thermo Jerrel Ash 61E; Thermo Electron, Waltham, MA, USA). Concentrations of Cl Ϫ and were measured using a chroma-2Ϫ SO 4 tography system (DX-500; Dionex, Sunnyvale, CA, USA). Hardness and alkalinity were determined by colorimetric titration (American Society for Testing and Materials method D1126-02 and method D1067-02, respectively). Water pH was measured with an Orion-Ross combination pH electrode (Orion Research, Beverly, MD, USA) connected to a multichannel pH/mV meter (Orion 525A; Orion Research). Dissolved oxygen was measured using a dissolved oxygen probe (Yellow Springs Instruments, Yellow Springs, OH, USA).
WER calculation
Modified and recommended WERs were calculated from 48-h LC50 values for Cu in laboratory and site-water toxicity tests. Modified WERs were calculated by dividing the measured dissolved Cu 48-h LC50 value in site water by the measured dissolved Cu 48-h LC50 value in matched laboratory water (Eqn. 1). Recommended WERs were calculated using the mean dissolved Cu 48-h LC50 value from 10 standardcondition laboratory toxicity tests as the denominator (Eqn. 1). Because levels of measured hardness of site waters were 50 mg/L or less as CaCO 3 , the recommended WER for each site was calculated using the same 48-h LC50 value for Cu in laboratory water.
Biotic ligand model
To investigate the utility of using proposed computational models for predicting acute Cu toxicity in soft surface waters, the Cu BLM (Ver 2.0.0; available at http://www.epa.gov/ waterscience/criteria/copper/) was applied. Measured values for pH, DOC, Ca 2ϩ , Mg 2ϩ , Na ϩ , K ϩ , Cl Ϫ , , and alkalinity 2Ϫ SO 4 (mg/L for DOC and ions and mg/L as CaCO 3 for alkalinity) were used as input parameters for all site-water and laboratory toxicity tests. In addition, default values for percentage humic acid (10%) and sulfide (0.01 M) were used.
Data treatment
Median lethal concentrations (LC50) and 95% confidence limits were calculated from observed mortalities and measured Cu concentrations using the trimmed Spearman-Karber method [15] . The toxicant concentrations used in these calculations were averages of two measurements for each treatment within each toxicity test. Simple (univariate) and stepwise linear-regression models for dissolved Cu 48-h LC50n values, or WERs (recommended and modified), as a function of measured waterquality parameters were estimated using the StatView statistical program (SAS Institute, Cary, NC, USA). The statistical significance of each linear-regression slope was determined using SAS 6.12 statistical program (SAS Institute). A twofactor analysis of variance was applied to determine if toxicological differences existed, either among individual sites or seasonally. An ␣ value of 0.05 was used to judge the significance of each statistical relationship. Observed dissolved Cu 48-h LC50 values were compared graphically to BLM-predicted dissolved Cu 96-h LC50 values using Excel (Microsoft, Redmond, WA, USA).
RESULTS AND DISCUSSION
Requests for the toxicological and chemical data from nearly 100 tests in laboratory and site water should be sent to the corresponding author.
Site-water chemistry
South Carolina surface-water conditions (average Ϯ standard deviation, n ϭ 53) were hardness of 16 Ϯ 8 mg/L as CaCO 3 , alkalinity of 18 Ϯ 11 mg/L as CaCO 3 , and DOC of 6 Ϯ 4 mg/L (Table 1) . Measured hardness values were never greater than 43.6 mg/L as CaCO 3 and were as low as 6.1 mg/ L. Alkalinity levels ranged from 4 to 56 mg/L as CaCO 3 , and measured concentrations of other parameters had ranges similar to those reported for other surface waters [16] . Molar ratios of calcium to magnesium varied from less than one to four, as seen in other surface waters [7, 8] . Measured pH values typically were near neutral and did not approach incipiently lethal levels in any of the water samples [17] . The DOC concentrations varied nearly 10-fold and generally increased with increasing distance downstream in each watershed. Measured ions (Ca 2ϩ , Mg 2ϩ , Na ϩ , K ϩ , Cl Ϫ , and ) at concentrations 2Ϫ SO 4 of 10 mg/L or greater typically were found at sites downstream of municipal wastewater outfalls.
Copper toxicity in surface water
Survival of fathead minnow larvae in Cu-free control water was greater than 90% in all toxicity tests. Dissolved Cu 48-h LC50 varied nearly 45-fold across the dataset and greater than fourfold at individual sites. Spatial (p Ͻ 0.0001) and seasonal (p ϭ 0.026) differences among LC50 values were determined for eight sites that had multiple toxicity results for one year. Water samples collected in the spring and summer typically showed decreased Cu toxicity compared with samples collected in the winter. This results from seasonal trends in DOC concentration, where elevated levels of organic matter in spring and summer flows (surface runoff and export from wetlands) ameliorate Cu exposure.
The 48-h LC50 values for dissolved Cu were 89% of the LC50 values for total Cu (Table 2, Text reference I), which is less than the recommended total recoverable-to-dissolved fraction conversion factor suggested by the U.S. Environmental Protection Agency of 96% [18] . The fraction of dissolved Cu in laboratory toxicity tests (91%) ( Table 2 , Text reference IV) also was low relative to the U.S. Environmental Protection Agency recommendation. Additional toxicological relationships between 48-h LC50 values and measured water-quality parameters are reported in Table 2 Results of stepwise regression between dissolved Cu 48-h LC50 values and reported water-quality parameters suggested that DOC and alkalinity were significant variables for predicting toxicity.
Among factors investigated here, DOC concentration had the greatest influence on Cu toxicity (Fig. 2) . This observation has been made by numerous researchers previously and sup- 
6.6 ports the idea that DOC measurements should be included in water-quality regulation [3, 6] . Also, it was the only parameter that appeared in each of the multivariate statistical regressions. Alkalinity and chloride concentrations had a similar impact on Cu toxicity, suggesting that Cu bioavailability was controlled by complexation more than by competition.
Copper toxicity in laboratory water
Measured water-quality parameters showed poor correlation with dissolved Cu 48-h LC50 values ( Table 2, Text reference IV) . Based on the derivation of current water-quality regulations, natural log-transformed LC50 values and hardness were in good agreement with the current water-quality model (criterion maximum concentration equation [10] ) ( Table 2 , Text reference V). The observed species-specific slope between ln [hardness] and ln [LC50] found in the present study (0.795 for hardness ranging from 6 to 40 mg/L as CaCO 3 ) was less than the pooled value (0.9422 for hardness ranging from 13 to 400 mg/L as CaCO 3 ). This outcome suggests the influence of cation competition changes in low-hardness waters (Fig. 3) . However, if the existing equation for deriving waterquality criteria for Cu were extrapolated for a hardness of less than 50 mg/L as CaCO 3 , results should adequately protect fathead minnow populations in soft surface waters.
The 48-h LC50 values for dissolved Cu in 10 standardcondition (recommended) toxicity tests ranged from 19.6 to 86 g/L and averaged 43.7 g/L. Measured hardness, alkalinity, and pH of the recommended laboratory toxicity tests showed minimal deviation from nominal values. When examining the standard-condition total Cu 48-h LC50 values using a control chart, toxicological variability was similar among the recommended tests and our 20-month reference toxicant results for Cu and fathead minnow (coefficient of variation, 0.27 and 0.38, respectively).
Water-effect ratios
The range of WERs (modified and recommended) was similar to that observed among site-water LC50 values (45-fold). Modified WERs were, on average, eightfold greater than WERs calculated using the recommended method. All modified WERs were greater than 1.0, which suggested that site waters decreased Cu toxicity more than matched laboratory water (Eqn. 1). Approximately 40% of the sites had modified WERs of greater than 10; one was as high as 79.8. Statistical analysis suggested that DOC (Fig. 2B) and Cl Ϫ had significant positive relationships with modified WERs (Table 2, Text reference II) .
Approximately 50% of the WERs calculated using the recommended method were less than one. This suggests that half of the site waters were underprotective of Cu toxicity based on current regulations (Eqns. 1 and 2). In addition, the magnitude of the relationship (slope) between WERs and DOC concentrations was greatest using the modified method (slopes, 2.4 and 0.45, respectively) ( The present results show that matching the hardness of laboratory water with that of surface water at less than the regulated level (Յ50 mg/L as CaCO 3 ) has a profound effect on the calculated WER. The significant relationship between hardness and acute Cu toxicity in laboratory water tests supports the idea that soft waters should be included when developing site-specific water-quality criteria. In fact, the modified WER method was the only method that always produced WERs that were greater than 1.0. This outcome was not surprising because of the known influences of DOC and dissolved solids on the bioavailability of various metals. Unexpected, however, was the relatively large number of sites with WERs for Cu dataset (A) [10] , fathead minnow data from the AWQC (B), and fathead minnow data in lab water from the present study (C).
of less than 1.0 that were found using the recommended method. Although this observation suggests that the current waterquality model is not protective of soft surface water, all observed LC50 values were greater than the allowable 1-h average concentration for soft water (3.64 g/L of dissolved Cu at a hardness of 25 mg/L as CaCO 3 [10] ). In agreement with current WER methodology, eight of the sites were tested three times during the year. Consequently, each site was sampled at various stream flows. The generalizations concerning the influences of stream flow are related to dilution (hardness, alkalinity, and conductivity), significant contributions (DOC, total suspended solids, and nonpointsource pollutants), and resuspended sediment [11] . Our results supported use of low flow (i.e., design flow) as a conservative estimate of site-specific influences on Cu toxicity. The WERs from the present study were lowest during low flows, suggesting ameliorative effects from greater surface runoff. Although a spatial analysis of site proximity to pollutant sources has not been completed, influences of stream flow would be expected to be site-specific. Similarly, natural contributors of organic matter also would vary spatially, thus differentially influencing the water quality at individual sites.
BLM performance in soft surface waters
Predicted dissolved Cu 96-h LC50 values (n ϭ 81) were plotted with observed dissolved Cu 48-h LC50 values (Fig.  4) . Only 3% of the dataset was accurately predicted by the BLM based on proposed confidence limits (Ϯ a factor of two). Because of the static nature of the BLM (i.e., no variance associated with estimated metal-gill stability constants), results have been compared nonstatistically, according to current practice [13] . The BLM underpredicted toxicity (i.e., overpredicted LC50) for each toxicity test conducted in low-hardness water. However, the Cu BLM accurately accounted for larval Table 2 , Text reference V. LC50 ϭ median lethal concentration.
fathead minnow sensitivity to Cu in the absence of organic matter (i.e., increased sensitivity in laboratory waters) (Fig.  4) . All observed 48-h LC50 values were less than calculated LC50 values, which is counterintuitive to the expected effects of the difference in exposure duration. That is, Cu was less toxic when calculated by the Cu-BLM, which is based on 96-h toxicity tests. Dissolved Cu 96-h LC50 values predicted by the BLM were always greater than observed values and followed a linear trend that paralleled the line of ideal fit (1:1). Hence, biological or chemical factors could account for the systematic variability in the BLM. Although toxicity tests in soft water were included in the calibration dataset for the BLM, only small differences among predicted LC50 values for laboratory toxicity tests were shown (Fig. 4A) . In the absence of DOC, the present study demonstrated a significant empirical relationship between acute Cu toxicity and hardness (Table 2, Text reference V) . However, sensitivity analysis showed that only limited changes in model output resulted from decreasing gill affinity of hardness cations (e.g., log K Ca-Gill changed from 3.6 to 2.5).
At least two approaches to improving the fit of the model to real toxicity data are evident. First, the sensitivity of the population used for testing could be accounted for by decreasing the gill Cu LC50 value from 7.32 to 0.2 nmol/g wet tissue (Robert Santore, HydroQual, Syracuse, NY, USA, personal communication). Using the adjusted critical gill value, 71% of the dataset are within the recommended confidence limits (Fig. 4B) . A 37-fold decrease in the critical gill value may not be justifiable without conducting population-sensitivity studies, but predicted gill Cu LC50 values ranged from 2 to 15 nmol/g wet tissue during model calibration [13] .
Second, the BLM may not adequately take into account the physiological state of organisms exposed to Cu in soft water. An understanding about the kinetics of ion balance in aquatic organisms has recently been applied toward the development of an ion balance extension to the existing Ag-rainbow trout BLM [19] . The model keeps a continuous record of ionic composition, internal and external to the fish, based on the kinetics of ion flux. Thus, application of this theory may ad-
